Measuring protein synthesis with SUnSET: a valid alternative to traditional techniques? Exerc. Sport Sci. Rev., Vol. 41, No. 2, pp. 107Y115, 2013. Protein synthesis rates commonly are measured using isotopic tracers to quantify the incorporation of a labeled amino acid into muscle proteins. Here we provide evidence supporting our hypothesis that the nonisotopic SUnSET technique is a valid and accurate method for the measurement of in vivo changes in protein synthesis at the whole-muscle and singleYmuscle fiber levels.
INTRODUCTION
Skeletal muscle is crucial for movement and whole-body metabolism; therefore, the maintenance of skeletal muscle mass is essential for mobility, disease prevention, and quality of life (20, 30) . Skeletal muscle mass is ultimately determined by the net balance between the rate of protein degradation and the rate of protein synthesis (11) . Thus, identifying the molecular mechanisms that regulate protein degradation and protein synthesis is critical for the development of effective exercise programs and potential pharmacological interventions that could inhibit muscle atrophy and/or promote hypertrophy.
Protein synthesis rates in skeletal muscle have been traditionally measured using various radioactive isotope (e.g., 3 Hphenyalanine or 35 S-methionine), or stable isotope (e.g., 15 N-lysine, 13 C-leucine, or (ring-13 C6)-phenylalanine), tracers. These tracers are either constantly infused or given as a flooding dose, and the incorporation of the labeled amino acid into muscle proteins over time is then measured (for further review, see Davis and Reeds (4) , Liu and Barrett (19) , Reeds and Davis (25) ). More recently, the nonYamino acidYstable isotope deuterium oxide ( 2 H 2 O) also has been used to assess skeletal muscle protein synthesis rates (6) . Although these techniques have been very successful, they are expensive and time consuming and typically do not allow for the measurement of protein synthesis at the single-cell level. Recently, however, a nonisotopic technique known as SUnSET, which involves the use of the compound puromycin, was developed for measuring protein synthesis in cultured cells (29) . Subsequently, we developed a methodology for using the SUnSET technique to measure in vivo rates of protein synthesis in skeletal muscle and other tissues (9, 10) . Based on these studies, we hypothesize that the SUnSET technique is a valid and accurate method for measuring in vivo changes in protein synthesis in whole muscles and at the singleYmuscle fiber level. This review will explain the properties of puromycin and the principles of the SUnSET technique and then describe our in vivo SUnSET methodology and the evidence that supports the validity and accuracy of this technique for measuring skeletal muscle protein synthesis in vivo. Finally, we will discuss some of the potential limitations of the SUnSET technique.
via the formation of a peptide bond (23) . However, whereas aminoacyl-tRNA contain a hydrolyzable ester bond between their tRNA ribose moiety and the attached amino acid molecule, puromycin has a nonhydrolyzable amide bond in the equivalent position (Fig. 1A) . Thus, the binding of puromycin to a growing peptide chain prevents a new peptide bond from being formed with the next aminoacyl-tRNA. As a consequence, puromycin binding results in the termination of peptide elongation and leads to the release of the truncated puromycin-bound peptide from the ribosome (Fig. 1B) (35) . At very high concentrations, puromycin effectively shuts down the elongation phase of translation and thus inhibits protein synthesis (36) ; however, at very low concentrations that do not inhibit the overall rate of translation, the rate at which puromycin-labeled peptides are formed reflects the overall rate of protein synthesis (29) . This later property makes puromycin a potential tool for the measurement of changes in protein synthesis rates. Indeed, Nakano and Hara (22) were the first to investigate the use of 3 H-puromycin to measure changes in protein synthesis rates in vivo and demonstrated that puromycin could be used to effectively detect starvationand low protein dietYinduced decreases in protein synthesis rates in whole tissues, including skeletal muscle. However, it took another 30 yr, with the development of the SUnSET technique (29) , to renew interest in the use of puromycin for detecting changes in protein synthesis.
SUnSET
The SUnSET, or SUrface SEnsing of Translation, technique specifically involves the use of an antipuromycin antibody for the immunological detection of puromycin-labeled peptides (29) . Originally developed for use in cultured cells, SUnSET allows for the detection of changes in protein synthesis in whole-cell lysates using Western blotting (WB), in multiple live cells using fluorescence-activated cell sorting, and at the single-cell level with immunohistochemistry (IHC) (29) . SUnSET in cell culture has been shown to have a similar dynamic range as protein synthesis measurements performed using 35 S-methionine. Furthermore, the dose of Figure 1 . Puromycin structure and mechanism of action. A. Comparison of the molecular structure of tyrosine, tyrosyl-tRNA, and puromycin. The hydrolyzable ester bond in tyrosyl-tRNA and the nonhydrolyzable amide bond in puromycin are highlighted with a circle. [Adapted from (31) . Copyright * 2003 Elsevier. Used with permission.] B.Puromycin"s mechanisms of action involve its incorporation into growing peptide chains via the formation of a peptide bond. Once bound, the puromycin-labeled peptide is unable to undergo further elongation and is released from the ribosome.
puromycin used in these cell culture studies (up to 18.4 KM) was shown to not interfere with the overall rate of protein synthesis (29) . Importantly, SUnSET is able to detect increases and decreases in protein synthesis that essentially are indistinguishable from those obtained using 35 S-methionine (29) . Thus, SUnSET has been shown to be a valid alternative to the use of radioisotopes for measuring changes in protein synthesis in cell culture and provides a clear advantage of allowing visualization of protein synthesis at the single-cell level (13, 29) .
USING SUNSET TO MEASURE CHANGES IN SKELETAL MUSCLE PROTEIN SYNTHESIS
Because of our ongoing interest in the regulation of skeletal muscle mass and, specifically, the role of the mammalian target of rapamycin (mTOR) in regulating protein synthesis and muscle hypertrophy (8, 15) , we were very interested in determining if SUnSET could be used to detect changes in protein synthesis in whole skeletal muscles under in vivo conditions. Thus, to investigate the validity and accuracy of the SUnSET technique, we performed a number of experiments using WB and IHC to measure changes in in vivo protein synthesis rates at the whole-muscle and singleYmuscle fiber levels (10).
Western blot SUnSET
First, we set out to determine whether the WB version of SUnSET (WB-SUnSET) could be used to detect an increase in protein synthesis induced by bilateral synergist ablation (SA) surgery, and whether this increase would be similar to that detected using a traditional radioactive technique. To accomplish this, mice were subjected to SA or sham surgeries, and after 7 d, the plantaris muscles were extracted and then incubated in an ex vivo bath for 30 min with media that contained either a flooding dose of 3 H-phenylalanine or puromycin (1 KM). Muscles incubated with puromycin were then analyzed for the amount of puromycin-labeled peptides by WB. During our preliminary studies, we used a mouse antipuromycin primary antibody in conjunction with a general antimouse immunoglobulin G (IgG) secondary antibody. With these conditions, we observed relatively intense nonspecific bands at both 50 and 25 kd. We were able to determine that these nonspecific bands were coming from the secondary antibody, and we reasoned that they resulted from the detection of the endogenous mouse IgG heavy and light chains that are present in mouse tissue. Therefore, to overcome this problem, we took advantage of the fact that our antipuromycin primary antibody was a monoclonal subtype 2a IgG (i.e., IgG2a) (29) . Specifically, we switched our secondary antibody to an anti-mouse IgG2aYspecific antibody that only detects the crystallizable fragment (Fc) of the IgG2a heavy chain. Because 2a IgG make up only a relatively small fraction of the total IgG pool, this secondary antibody enabled us to dramatically lower the intensity of the 50-kd endogenous IgG heavy-chain band and completely remove the presence of the 25-kd light-chain band. Thus, with this refined approach, the contribution of the endogenous IgG pool to the overall antipuromycin signal was effectively lowered (Fig. 2) . We also made an effort to improve the quantitative reliability of our WB analysis by running a series of standards on the same gel as our experimental samples (Fig. 2) . The standards were made from the homogenate of a puromycin-treated SA plantaris muscle that was diluted three-, four-, five-, and sixfold with homogenate from a nonYpuromycin-treated muscle (Fig. 2) . The presence of these standards was important because it allowed us to confirm that our quantification was being performed on an image that had signal intensities within the linear range of the film. Specifically, an image in which the differences in puromycin signal intensity between the standards matched the actual fold dilutions was selected for final quantification. Once the appropriate image had been selected, the puromycin signal intensity in the lane for each SA sample was then expressed relative to the mean puromycin signal from the sham control lanes. The results demonstrated that SA induced a 3.6-fold increase in puromycin-labeled peptides, a result that was indistinguishable from the 3.4-fold increase in protein synthesis that we obtained with the traditional 3 H-phenylalanine flooding dose methodology (10) . Hence, these data confirmed that WBSUnSET could be used to accurately detect increases in protein synthesis under ex vivo conditions.
We next asked whether WB-SUnSET also could be used to detect a similar change in protein synthesis under in vivo conditions. Based on the previous work of Nakano and Hara (22) , and our own preliminary dose response and time course experiments, we administered a puromycin dose of 0.04 KmolIg j1 body mass via an intraperitoneal injection and collected the muscles 30 min after injection. Using the same approach that we used to control for image exposure time in the ex vivo experiments (see previous paragraph), our results showed that SA induced a 2.9-fold increase in puromycinlabeled peptides (10) . This result was not significantly different from the increase detected ex vivo and therefore suggested that WB-SUnSET also could be used to accurately detect an increase in protein synthesis in vivo (10). However, one further concern we had with performing SUnSET, under in vivo conditions, was that differences in the delivery/uptake of free puromycin may produce differences in the amount of puromycin-labeled proteins that are not the result of differences in the rate of protein synthesis. For example, it was possible that SA promoted an increase in blood flow to the plantaris muscles which, in turn, could promote a greater uptake of puromycin and, therefore, a greater incorporation of puromycin into nascent peptides. To address this possibility, we developed an enzyme-linked immunosorbent assay to measure the free puromycin pool in sham and SA muscles, and using this technique, we found no difference in the free puromycin pool between sham and SA muscles (10) . Therefore, our data provide strong evidence that, with appropriate controls, WB-SUnSET can be used to accurately detect increases in protein synthesis under ex vivo and in vivo conditions.
During the course of developing the WB-SUnSET technique, we also performed experiments to determine whether we could detect an experimentally induced decrease in protein synthesis in vivo. Specifically, we food deprived (FD) mice for 48 h and then collected various skeletal muscles at 30 min after an intraperitoneal injection of puromycin (0.04 KmolIg j1 body mass). The WB-SUnSET analysis revealed a 65% decrease in puromycin-labeled peptides, and, thus protein synthesis, compared with muscles from ad libitumYfed control mice. Importantly, the magnitude of the FD-induced decrease in protein synthesis measured by WB-SUnSET is very similar to what has been reported with traditional radioactive techniques (21, 22, 24) . To rule out any effect of FD on the delivery/uptake of puromycin into the muscle, we used our enzyme-linked immunosorbent assay to measure the free puromycin content and found no difference between muscles from FD and ad libitum control animals. Therefore, the results from these experiments demonstrated that WB-SUnSET can indeed be used to detect a decrease in protein synthesis.
Taken together, this series of experiments provided several lines of evidence that indicate that the WB-SUnSET technique is a valid and accurate tool for measuring changes in protein synthesis at the whole-muscle level.
Immunohistochemical SUnSET
IHC is an extremely valuable tool for investigating regionspecific differences across whole-tissue sections and for examining changes in single cells. As such, we were very interested to determine whether IHC-SUnSET could be used to detect changes in protein synthesis in whole-muscle cross sections and at the singleYmuscle fiber level. To address this, we first had to extensively optimize our IHC-SUnSET staining conditions. For example, our antipuromycin antibody was derived in a mouse, and, thus, we had to overcome the endogenous IgG background signal that would appear after incubating mouse skeletal muscle sections with an anti-mouse IgG secondary antibody. To accomplish this, we first applied an unconjugated anti-mouse IgG Fab (heavy-and light-chain) antibody to sections for 1 h before applying the antipuromycin primary antibody. This approach effectively blocks all binding sites on the endogenous population of IgG and removes most of the background signal that would be present normally after the application of an anti-mouse IgG secondary antibody (10) . Similar to our WB-SUnSET protocol, we further reduced the endogenous IgG background signal by using an anti-mouse IgG2a FcYspecific secondary antibody, and with this combined approach, we were able to essentially eliminate all of the nonspecific background (10). We also were able to demonstrate that the puromycin signal could be detected within the muscle fibers, but it was not detected within the interstitial space or within the lumen of blood vessels. This was important because it helped establish that our IHC-SUnSET conditions did not detect free puromycin but was instead specific for the detection of puromycin-labeled peptides (10) . Finally, we also quantified the dynamic range of the image acquisition system that we used for measuring differences in the fluorescence signal intensity and, thus, the magnitude of changes that we could detect validly. As shown in Figure 3 , our analysis demonstrated a greater than 33-fold working linear range (r = 0.9994), a range that far exceeded the greatest distribution of signal intensities that were obtained in any of the analyses performed in our experiments (the largest was a 10-fold distribution). Hence, with our optimized IHC-SUnSET protocol and the wide dynamic range of our image acquisition system, we were confident that any detected changes in the puromycin signal would accurately reflect changes in protein synthesis.
To begin testing the quantitative reliability of our IHCSUnSET measurements, we examined the effect of FD on protein synthesis in randomly selected fibers from whole-muscle sections. Specifically, in these experiments, both FD and ad libitum muscle sections were mounted side by side on the same slide because this ensured that both sections received identical staining and image acquisition conditions. With this approach, we found that the mean puromycin signal in fibers from FD muscles was 53% lower than that in fibers from ad libitum muscles, a value that was not statistically different from the reduction in protein synthesis measured with the WB-SUnSET technique (10) . This indicated that IHC-SUnSET can be used to detect changes in protein synthesis in muscle cross sections, and that IHC-and WB-SUnSET Figure 2 . Quantification of synergist ablation (SA)Yinduced increases in protein synthesis with the Western blotting (WB) version of SUnSET (WB-SUnSET). WB-SUnSET measurements were performed by incubating sham (control) and SA muscles for 30 min in an ex vivo bath that contained media supplemented with 1 KM puromycin. A. Representative image of the WB-SUnSET used to quantify the amount of puromycin-labeled peptides in sham and SA muscles. To demonstrate the specificity in the antipuromycin signal, two nonYpuromycin-treated muscle samples (Puro -) also were included (two far left lanes). To guide the selection of the final image for quantification, a series of standards also were loaded (last five lanes on the right). Specifically, an SA sample (SA, sample 1) was diluted three-, four-, five-, and sixfold with homogenate from a nonYpuromycin-treated muscle (Puro -, sample 1). A series of images were then acquired with different exposure times, and an image that contained signal intensities within the linear range of the film was then used for the final quantification. In this quantification procedure, the puromycin signal of sham and SA samples was expressed relative to the mean puromycin signal obtained in the sham samples. B. After the image acquisition, the WB membrane was stained with Coomassie Blue to verify equal loading of total protein in all lanes.
produce quantitatively similar results when they were used to measure relative changes in the rate of protein synthesis in vivo.
We next determined whether IHC-SUnSET could be used to detect differences in protein synthesis between individual fibers within the same muscle section. In this experiment, in vivo transient transfection, via the electroporation of plasmid DNA, was used to overexpress two signaling molecules that are known to induce skeletal muscle hypertrophy, in part, by stimulating protein synthesis: constitutively active (ca)-Akt (3,32) and Rheb (12) . An important strength of this approach was that the nontransfected fibers served as controls and, therefore, allowed for the puromycin signal in transfected fibers to be expressed relative to the nontransfected fibers from the same muscle section (Fig. 4) . Furthermore, to control for the effects of electroporation per se, we also transfected muscles with green fluorescent protein, which presumably would not stimulate protein synthesis. As expected, we found that ca-Akt and Rheb induced relatively large increases in the puromycin signal (155% and 60%, respectively), whereas green fluorescent protein only had a very minor effect (5%Y7%) (10) . When compared with Rheb, the greater effect size of ca-Akt also was expected because ca-Akt has the potential to induce an increase in protein synthesis through the combined activation of mTOR signaling (3) and the inhibition of glycogen synthase kinase 3A (1, 16, 27) , whereas Rheb only activates mTOR signaling (12) . Taken together, these results demonstrated that the IHC-SUnSET technique can be used to detect changes in protein synthesis of different magnitudes at the single-fiber level.
Overall, our experiments have provided evidence that IHC-SUnSET can detect changes in protein synthesis that are quantitatively similar to those detected using WBSUnSET. Furthermore, IHC-SUnSET can be combined with other powerful in vivo molecular techniques, such as transient transfection, to determine the effects of various signaling molecules on protein synthesis at the single-fiber level.
MUSCLE FIBER TYPEYDEPENDENT DIFFERENCES IN THE REGULATION OF PROTEIN SYNTHESIS
When performing the IHC-SUnSET experiments on sections from FD and ad libitumYfed animals, we noticed a distinct mosaic pattern of puromycin staining in the ad libitum sections, suggesting that there may be fiber typeYdependent differences in basal rates of protein synthesis. Although a significant body of knowledge exists with regard to the genetic, structural, functional, metabolic, and adaptive characteristics of different fiber types (28) , technical limitations have meant that comparatively very little is known about possible fiber typeYdependent differences in the regulation of protein synthesis (33) . Thus, we set out to determine whether IHCSUnSET could be used to reveal novel information about the basal protein synthesis rates in different fiber types found within the same whole muscle. To accomplish this, we combined IHCSUnSET with myosin heavy chain (MHC)Yspecific antibodies to identify the puromycin signal in Type 1, 2A, 2X, and 2B fibers found within a resting mouse plantaris muscle. To allow for comparison between the fiber types, we normalized the puromycin signal for a given fiber type to the mean puromycin signal found in the Type 2A fibers. Thus, for each section, we measured the puromycin signal in Type 2A fibers and one of Type 1, 2X, or 2B fibers. Using this approach, we demonstrated for the first time that basal protein synthesis rates vary in a fiber typeYdependent manner, with fast-twitch glycolytic Type 2B fibers having lower rates of protein synthesis than slow-twitch oxidative Type 1 and 2A fibers found within the same muscle ( Fig. 5) (9) . These data are supported by whole-muscle studies using radioactive techniques that show that muscles predominantly composed of fast-twitch glycolytic fibers have lower basal rates of protein synthesis than muscles predominantly composed of slow-twitch oxidative fibers (7). Fast-twitch muscles also have lower amounts total RNA, of which more than 85% is ribosomal RNA (rRNA) and, thus, have a lower translational capacity compared with slow-twitch muscles (7) . In this context, our IHC-SUnSET data also are supported by the study of Habets et al. (14) , which demonstrated that the content of 28S rRNA in single muscle fibers varies in a similar fiber typeYdependent manner as our protein synthesis results. Furthermore, we also have measured fiber typeYdependent levels of the ribosomal S6 protein, and in agreement with 28S rRNA data (14) , ribosomal S6 protein also varied in a fiber typeYdependent manner that was essentially the same as for protein synthesis rates (9) . Together, these data demonstrated that basal rates of protein synthesis are regulated in a fiber typeYdependent manner and that there is a close fiber typeYdependent association between basal protein synthesis rates and translational capacity (i.e., levels of rRNA and ribosomal proteins).
Our finding of fiber typeYdependent differences in basal protein synthesis rates next prompted us to ask whether . Immunohistochemistry (IHC)-SUnSET reveals muscle fiber typeYdependent differences in basal rates of protein synthesis. Resting mice were anesthetized and injected with puromycin. Tibialis anterior muscles were then collected 30 min later and subjected to IHC-SUnSET. A. Representative image of a section triple stained for puromycin (Puro, red), Type 2A fibers (green), and Type 2B fibers (blue). B. Gray-scale image of the puromycin signal from the same image shown in (A). C. The puromycin staining intensity in the Type 2A and Type 2B fibers was expressed relative to the mean value obtained in the Type 2A fibers of a given section, and these values were then plotted on a histogram. Inset values are means T SE; n = 110Y120 fibers per group from four independent muscles. *P G 0.05 versus Type 2A fibers.
IHC-SUnSET also could be used to detect fiber typedependent changes in protein synthesis. To do this, we again used the FD model to decrease protein synthesis and then mounted FD sections on the same slide as the ad libitum sections (9). Our results revealed that FD induced a fiber typeYdependent decrease in protein synthesis, with Type 2X and 2B fibers having a larger decrease than Type 1 and 2A fibers (9) . Moreover, only Type 2X and 2B fibers displayed a significant decrease in fiber cross-sectional area. These IHCSUnSET data are supported by our previous data using WBSUnSET (10) and by studies using traditional radiolabel techniques (2, 18) , which have shown that protein synthesis in muscles composed predominantly of glycolytic fast-twitch fibers is more sensitive to FD than in muscles that primarily contain more oxidative slow-twitch fibers. Thus, our finding that IHC-SUnSET can detect changes in protein synthesis at the single-fiber level that are consistent with those found using more traditional techniques at the whole-muscle level provides further evidence of SUnSET's validity and reliability.
Using the same approach previously described, we also found that SA induced fiber typeYdependent changes in protein synthesis. Specifically, although SA induced an increase in protein synthesis in all fiber types, the most substantial increase occurred in the smaller Type 1 and Type 2A fibers, whereas the larger Type 2B fibers had the lowest increase (9) . Type 2B fibers also had the smallest SA-induced increase in crosssectional area. Based on these observations, we proposed that these fiber typeYdependent changes in protein synthesis may be caused by differences in motor unit recruitment patterns or to mechanisms that may limit how large an individual fiber can grow before compromising oxygen delivery and/or an optimal myonuclei-to-cytoplasm ratio (9) . In other words, it seems that the SA-induced changes in protein synthesis are likely caused by a complex array of factors, and our IHCSUnSET data have now opened up a new field of inquiry aimed at identifying the molecular mechanisms that are responsible for these fiber typeYdependent effects. Moreover, our results again highlight the potential that the IHC-SUnSET technique has for gaining insights into the regulation of protein synthesis that previously have not been possible to obtain with traditional isotopic techniques. Finally, these results also demonstrate that changes in protein synthesis detected at the whole-muscle level may not accurately reflect the changes that occur within the individual muscle fiber types.
PROTEIN SYNTHESIS IN NEWLY FORMED MUSCLE FIBERS
Recently, we reported that SA not only induces an increase in fiber size but also induces a significant increase (59%) in the total number of muscle fibers per cross section (8) . Furthermore, we found that SA induces an increase in the number of muscle fibers expressing the embryonic MHC isoform , an isoform that is typically found in newly formed muscle fibers (8) . We also noted that the increase in the number of MHC Emb -positive fibers was similar to the increase in the total number of fibers. Based on these observations, we concluded that SA induces the formation of new muscle fibers (i.e., hyperplasia) (8). This is important because when we performed the IHC-SUnSET technique on sections from SA muscles, we noticed a population of smaller fibers that displayed very high puromycin signals (9) . Thus, we hypothesized that these fibers were newly formed MHC Emb -positive fibers and, as such, we were very interested to determine the relative rate of protein synthesis in these fibers. As expected, our results revealed that this population of smaller fibers did indeed express the MHC Emb isoform and that the puromycin signal in these fibers was 3.6-fold higher than the average signal in a mixed population of fibers from control sections (Fig. 6) (9) . In support of the high rates of protein synthesis, MHC Emb -positive fibers also had very high levels of total ribosomal S6 protein and S6 serine 240/244 phosphorylation, which are crude markers of translational capacity and translational efficiency, respectively (9) . Combined, these data suggested that because of the constant mechanical stimulus placed on the muscle, SA induces the formation of new fibers and that these fibers undergo a rapid growth that is supported by very high rates of protein synthesis. Furthermore, as these MHC Emb -positive fibers account for up to 30% to 40% of the total fibers in 14-d SA muscles (8) , these fibers are likely to account for a significant proportion of the increases in total S6 protein, S6 serine 240/244 phosphorylation, and protein synthesis that are observed at the whole-muscle level. Combined, these results provided a clear and striking example of fiber typeYdependent differences in protein synthesis that would not be evident if analyses were performed at the whole-muscle level.
In summary, our studies to date have shown that the IHCSUnSET technique can be used successfully to make novel observations about the regulation of protein synthesis at the single-fiber level. Furthermore, IHC-SUnSET also can be combined with other IHC analyses (e.g., total and phosphorribosomal S6 protein) to gain further insights into the mechanisms responsible for the changes in protein synthesis.
LIMITATIONS
Although our evidence to date suggests that SUnSET is a valid and reliable technique for measuring relative rates of protein synthesis in rodent skeletal muscle, the technique does have some limitations. For example, although SUnSET has been shown to be valid for the measurement of relative rates, or relative changes in protein synthesis, it remains to be determined whether SUnSET could be used to calculate absolute or fractional synthesis rates similar to those measured with isotope techniques. Indeed, the development of a reliable methodology for determining fractional synthetic rates using SUnSET could allow for direct comparison between animal SUnSET studies and human isotope studies. Additional studies, therefore, are required to explore the feasibility of developing such a methodology. Another limitation hinges on the potentially adverse effects that puromycin might exert on kidney function (26) . Hence, the use of SUnSET for the measurement of skeletal muscle protein synthesis in humans is very unlikely. As a result, sensitive measurements of protein synthesis in single human muscle fibers likely will require further refinements of current isotope-based methodologies (5, 17) . A final limitation of SUnSET relates to the ability to measure the free puromycin pool. Indeed, one key assumption when measuring changes in protein synthesis, with either puromycin or isotopes, is that the experimental condition does not alter the equilibration kinetics of the free pool of puromycin or isotope when compared with the control condition. With sufficient amount of tissue, this assumption can be validated by measuring the amount of free puromycin in the muscle; however, quantification of free puromycin at the single-cell level may not be feasible, especially with IHC. Thus, there remains the possibility that an apparent change in protein synthesis may, in part, be caused by experimentally induced changes in puromycin uptake and not because of an increase in translation per se. Therefore, when free puromycin cannot be measured, additional complimentary measurements, such as changes in the phosphorylation of relevant signaling molecules, changes in markers of translational capacity or efficiency, and/or the use of specific pharmacological inhibitors, are recommended to assist in the interpretation of data derived using SUnSET.
CONCLUSIONS
Our experiments to date have provided strong evidence in support of our hypothesis that, with appropriate controls, SUnSET is a valid and accurate alternative to traditional isotope methods for measuring relative rates of protein synthesis in skeletal muscle. Furthermore, SUnSET offers the advantage of being able to investigate protein synthesis at the single-fiber level. Although SUnSET may not be appropriate for every experimental model, we believe that this technology will enable investigators to make novel discoveries about the regulation of protein synthesis and ultimately may assist in the discovery of interventions aimed at the preservation of skeletal muscle mass.
